Site studies have shown that conifer plantations in northern Britain have increased in General Yield Class (GYC) by 1 m 3 ha" 1 a" 1 per decade or more (20-40 per cent) since the 1930s. Large increases in forest productivity have also occurred in many other regions of Europe. Are these increases due to improved silvicultural practices or to increases in N deposition, CO2 and temperature? Two process-based mathematical models of forest growth were used to simulate the responses of conifer forests growing in the Scottish southern uplands to increases in atmospheric N deposition, CO2 concentration and temperature, during this century and next century. The models differed substantially in the ways in which underlying processes were represented: one simulated a managed plantation, the other a natural forest. Nevertheless, both showed that: (1) increases in N deposition, CO2 and temperature together might account for up to half of the observed increase in GYC this century; (2) increased N deposition and CO2, considered separately, probably increased forest productivity by a modest amount (7-14 per cent), but their combined effect has been approximately additive; (3) increased temperature, even when combined with increasing CO2 concentrations, promoted growth less than expected from site studies relating GYC to temperature; and (4) substantial further increases in productivity, GYC, leaf area index and standing biomass are forecast during the next century as a result of increasing CO2 concentrations and continued N deposition, with or without climatic warming. The predicted increases in GYC could be large enough to have profound effects on the forest industry.
Introduction
1991 . UN/ECE) 1995) -j^ is> forests There is growing evidence that forests in many on a given site type are substantially more proregions of Europe are growing faster now than ductive now than they were during the first half they did several decades ago, contrary to fears of this century. A compilation of 22 studies about general forest decline (e.g. Landmann, across continental Europe, using permanent plot and growth-ring data, has revealed increases in forest growth this century of commonly 40-50 per cent in southern Sweden, southern Germany, parts of Austria, France and eastern Europe (Spiecker et al., 1996) .
In Britain, studies on relationships between site factors and the General Yield Class 1 (GYC) of conifer forests have invariably revealed negative relationships between stand age and GYCthat is, young forests have higher GYCs than older forests on the same site types (see Table  1 ). Overall, there appears to have been a mean increase in GYC of Sitka spruce of about 1.0 m 3 ha" 1 a" 1 per decade between forests planted in the 1930s and 1970s in northern Britain, and an increase of 1.2-1.6 m 3 ha" 1 a" 1 per decade in the GYC of many conifers on better quality land in Scotland (Table 1 ). Given mean GYCs over the periods of study of about 14 m 3 ha" 1 a" 1 for Sitka spruce, and 18 m 3 ha" 1 a" 1 for many conifer species on better quality land, this suggests that growth rates have increased by 20-40 per cent since extensive planting began in the 1930s.
Clearly, such large increases in productivity are important. They affect the choice of silvicultural practices and harvesting schedules. They influence production forecasts, plantation valuation, land use planning and estimates of future timber values. And for unmanaged forests, increased growth rates, biomass and canopy density could cause changes in species composition and vulnerability to disease, storms and drought.
What are the causes of this increase in forest growth rate? The general view expressed by the authors listed in Table 1 , is that it is due mainly to improved silvicultural practices. Site preparation, the quality and genetic potential of the planting stock, weed control, fertilizer use and thinning practices have all improved since the 1930s-the growth increase is the dividend of research and management effort and, indeed, has been quantified in the many forest experiments on improved practices. Another view, which has support among some forest researchers in continental Europe (Spiecker et al., 1996) , is that it could be partly due to increased N deposition from the atmosphere and the increases in atmospheric CO2 concentration 2 and temperatures which have occurred this century (see below).
It is important to know what the drivers are. If increased growth is solely or mainly due to silvicultural and genetic improvement, then it will continue only as long as improvements can be identified by research and implemented by the industry. If N deposition is a major driver, the acceleration in growth rates will vary across the country and will probably stabilize at a level dependent on soil fertility and the extent to which forests at any site respond to N. But if increasing [CO2] is an important driver, growth rates may be promoted over extensive areas in the UK and worldwide and may continue to accelerate as [CO2] continues to increase over the next 50-100 years.
In this paper, the authors examine the hypothesis that increased N deposition, [CO2] and temperatures may be significant causes of increased forest growth in the UK and may continue to be so for many decades to come.
The only feasible method of approaching this hypothesis is to use mathematical models of forest growth, which simulate growth as a function of climate and in which all the major physiological and physicochemical processes are represented that regulate the fluxes of carbon, N and water in the soil-forest-atmosphere system over time. Several such models exist, which differ greatly in complexity and design (e.g. Martin, 1991; Running and Gower, 1991; Dale and Rauscher, 1994; Kellomaki and Kolstom, 1994; Ludeke et al., 1994) . Here, two of the more comprehensive models are used-these differ substantially in the ways in which underlying processes are described and parameterized. Confidence in the predictions reported here lies, in part, in the extent to which the two very different models agree, as well as in the ways in which underlying processes are represented.
Two contrasting process-based models of forest growth
The models used are the Edinburgh Forest and Hybrid models developed by Thornley Worrell and Malcolm (1990) MacMillan (1991) Tyler et al. (1995 Tyler et al. ( , 1996 Geographic range 37 sites (187 plots) in northern Britain from about 50 to 600 m altitude 22 sites in E & S Scotland on better quality land, below 300 m. (Class 5 and above, Bibby et al., 1982) Better Table 2 ). Both couple the C, N and water cycles within the soil-forest ecosystem, operate on a sub-daily timestep and are driven by climate rather than by empirical growth relationships. Both have been shown to give good agreement with observed short-term fluxes of carbon and water fluxes and/or patterns of forest growth over decadal timescales. Table 2 lists the very different ways in which some of the principal processes are represented within the two models.
The ITE Edinburgh Forest Model
This model simulates the growth of evergreen coniferous plantations in the UK using the principles for process-based crop models published by Thomley and Johnson (1990) (Thornley, 1991; Thornley and Cannell, 1992) . It simulates the growth of a plantation of identical trees of the same age, with an initial tree density of 2500 trees ha" 1 , which is regularly thinned and harvested and replanted every 60 years. Growth in biomass is converted to stem volume increment and hence to GYC over a rotation. The rotation length gives the maximum mean annual stem volume increment in the baseline climate and is kept constant. The model is sophisticated in its treatment of assimilate allocation, meristem growth, soil processes and plant water status (Table 2) . It has been parameterized to give changes in biomass, leaf area index, net primary productivity and stem volume similar to those observed over a conifer rotation in the British uplands.
Hybrid
This model was written to simulate the growth of unmanaged natural forests (and grasslands) throughout the world (Friend et al., 1997) . It takes a 'gap' modelling approach and simulates the growth of individual trees of different size within a number of plots. The trees compete with each other, mainly for light, and there is natural recruitment and mortality. The soil is generated by the model. The model is sophisticated in its treatment of photosynthesis, stomatal conductance, N distribution within the plant and competition among individuals (Table 2) . In this application it was parameterized and constrained to simulate a temperate coniferous evergreen forest. It should be stressed that this is a 'theoretical* forest, unaffected by windthrow, fire or pests, and so develops a larger standing biomass than would be possible in reality. Thornley and Cannell (1992) Water model: Thornley (1996) Applications: Cannell (1992, 1996) Farquhar equations, PGEN model (Friend, 1998) Ditto, but N optimally distributed in the canopy Stewart (1988) and Jarvis (1976) Modified Century model (Parton etal., 1987) Soil water potential affects stomatal conductance and foliage longevity Model: Friend et al. (1997) Applications: Friend and White (1998) 
Basic model inter comparison
In this application, it was crucial to know how the models differed in their basic responses to atmospheric CO2 and N. Growth responses are driven by changes in canopy photosynthesis. Consequently, we examined the response of canopy photosynthesis to changes in CO2 and foliage %N under standard conditions of temperature, solar radiation and leaf area index. Figure 1 shows that the Edinburgh Forest Model generally predicted greater canopy photosynthesis than Hybrid, which could be traced to differences in the representation and parameterization of photosynthesis. However, the gen- cral shape and magnitude of the CO2 response was very similar for the two models. The major difference was that Hybrid predicted a much greater change in canopy photosynthesis with change in foliage %N than the Edinburgh Forest Model, making Hybrid more sensitive to N deposition (see below).
Historic and assumed future N deposition, [CO2] and temperatures

The baseline climate
The baseline climate used for temperature, rainfall, humidity, solar radiation and daylength was that experienced in the uplands of southern Scotland. for Hybrid, interannual variation in daily weather was produced using a weather generator.
For the Edinburgh Forest Model, this baseline approximated the 30-year average meteorological conditions at Eskdalemuir at latitude 55° 19' N, 242ma.s.l. (Meteorological Office, 1982) . Relative humidity and windspeed were constant at 84 per cent and 4 ms"
1 . Other quantities varied sinusoidally throughout the year: photosynthetically active radiation from 6.9 to 0.7 MJ m^day" 1 , soil temperatures from 14.5 to 2.5°C, maximum and minimum air temperatures and rainfall (totalling 1530 mm a" 1 ) as shown in Figure 2 . Diurnal variation was also simulated in most variables (see Thornley and Cannell, 1996) . It should be stressed that, for this model, the baseline weather was the same each year.
For the Hybrid Model, the daily climate used was based on monthly mean data for the halfdegree global square for southern Scotland, which includes Eskdalemuir. Daily weather was then simulated using a weather generator (Friend, 1998) which produced random seasonal and diurnal variation in rainfall, temperature and other weather parameters each year. Figure  2 shows the mean monthly temperatures and rainfall (totalling 1391 mm a" 1 ) which were very similar to those used in the Edinburgh Forest Model. Relative humidities varied between 70 and 90 per cent and the seasonal pattern in solar radiation was, again, very similar to that simulated for the Edinburgh Forest Model.
In both models it was assumed that there was an input of 5 kgN ha" 1 a" 1 to the forest from non-symbiotic and symbiotic N2-fixation throughout the simulation periods.
Assumed N deposition
Forests receive N in rain, cloud and gases (dry deposition) in both oxidized form from fossil fuel burning (NO3-and NO*) and reduced form from agriculture (NH4" 1 " and NH 3 ). Before 1940, total atmospheric N deposition in most of the UK was about 5 kgN ha" 1 a" 1 or less, but then rose steeply to present levels by about 1970 (Pitcairn et al., 1995;  Figure 3 ). European SO2 emissions are known to have increased fourfold between 1940 and 1970 (Mylona, 1996) , reflected in three-to fourfold increases in sulphate and nitrate concentrations in Alpine ice cores (Wagenbach and Preunkert, 1996) . In 1992-94, total atmospheric N deposition exceeded 12 kgN ha" 1 a" 1 over about 70 per cent and 18 kgN ha" 1 a" 1 over about 30 per cent of the UK, with local areas receiving in excess of 50 kgN ha" 1 a" 1 (Review Group on Acid Rain, 1997; Figure 4 ). There may be some reduction in future NO X emissions as a result of the introduction of vehicle exhaust catalysts. However, emissions of NH4 + and NH3 from farms (which account for half of total deposition) may remain stable (Barrett and Berge, 1996) .
Based on this analysis, the scenario of N deposition used in this study was 5 kgN ha" 1 a" 1 before 1940, rising linearly to 20 kgN ha" 1 a" 1 by 1970 and then remaining constant ( Figure 5 ).
Assumed increase in [CO2]
Atmospheric [CO2] has risen from about 290 p.p.m. in 1900 to 360 p.p.m. now and is cur- . The Intergovernmental Panel on Climate Change mid-range CO2 emission scenario (EPCC Scenario, 1992a, known as IS92a) based on World Bank projections of global population increase (11.3 billion by 2100) and economic growth (averaging 2.3 per cent to 2100) predicts that [CO2] will rise to over 500 p.p.m. by 2050 and almost 700 p.p.m. by 2100 (Houghton etal., 1996) .
The scenario defined for this study simulated the known increase in 
Assumed increase in temperature
Mean annual temperatures over the UK rose by about 0.5°C during the first half of this century (Jones and Hulme, 1997) . This warming tended to be greatest in southern Britain and in summer and autumn. Further warming occurred in the 1980s and 1990s. Three of the four warmest years since records began were 1989, 1990 and 1995 and recent years have seen record-breaking warm months, such as August 1997. In future, the UK is expected to warm at rates similar to the global average (Climate Change Impacts Review Group, 1996) . If the IS92a emission scenario is accepted, then warming over the next century is predicted to be within the range 0.12-0.25°C per decade, including the cooling effect of sulphate and other aerosols. In this study, it was assumed that the baseline temperature regimes occurred in the period 1950-75 (zero change in Figure 5 ) and that warming occurred at 0.1°C per decade from 1900 until 1950. After 1975, it was assumed that warming occurred at 0.2°C per decade, giving 2.5°C warming by 2100. Future warming is the least certain of all the scenarios.
Model runs
The Edinburgh Forest Model was initialized, using the climate of 1900, by running 20 rotations (60 years each) by which rime predicted yields were similar in successive rotations and inputs approximately equalled outputs. The model was then run twice, once starting in 1860 with four 60-year rotations, ending in 2100, and once starting in 1890 with three 60-year rotations ending in 2070. Each of these two runs was repeated with either no change in climate or with increases in N, [CO2] and temperature, separately and in combination, as given in Figure 5 . Output values (GYC, leaf area index etc.) were averaged over each rotation.
The Hybrid Model was run in the 1900 climate for 500 years to reach equilibrium (until outputs equalled inputs). It was then run 10 times in each of the climate scenarios, each of which predicted large inter-annual variation in output variables owing to variation in weather produced by the weather generator and internal system feedbacks. Consequently, means were taken for the 10 runs and values were further smoothed by taking 10-year running means. Figure 6 presents the increases in NPP (above and belowground dry biomass) and GYC predicted by the Edinburgh Forest Model and Figure 7 the NPP predicted by the Hybrid Model. Table 3 summarizes the predicted absolute increases in GYC and percentage increases in NPP over the periods of 1900-90 and 1990-2050, including more treatment combinations. Each point is the mean (at age 30) of a 60-year rotation of a coniferous forest growing in the climate of Eskdalemuir, subject to combinations of increases in N deposition (N), atmospheric CO2 concentration (CO2) and temperature (T) as defined in Figure 5 . Data for T and CO2+T are given in Table 3 .
Results
Increases in Net Primary Productivity (NPP) and General Yield Class
The predicted GYC with no change in climate was only 11.5 m 3 ha" 1 a"
1 , but was in the expected range 14-16 m 3 ha" 1 a" 1 in the 1980s and 1990s in response to known changes in climate. The NPP predicted by the Edinburgh Forest Model for a managed forest increased from zero at planting to about 15 t ha" 1 a" 1 after canopy closure with no climate change and to 15-20 t ha" 1 a" 1 with increased in N deposition, [CO2] and temperature in rotations spanning the 1980s and 1990s. Averaged over a rotation, from planting to clearfelling, NPP was about 10 t ha" 1 a" 1 with no change in climate and 12-14 t ha" 1 a" 1 in the 1980s and 1990s (Figure 6 ). These values are within the range measured for conifer plantations in northern Britain (Miller and Miller, 1976; Ford, 1982) . The NPP predicted by Hybrid for an unmanaged, natural forest was 22 t ha" 1 a" 1 with no change in climate and about 25 t ha" 1 a" 1 in the 1980s and 1990s (Figure 7 , where 1 = 22 t ha" 1 a" 1 ). Most importantly, it was predicted that the Table 3 . Values are expressed relative to the scenario with no climate change, which gave a mean NPP of 22 t ha -1 a" 1 of dry biomass (i.e. 1 on the vertical axis equals 22 t ha" 1 a" 1 ).
GYC of upland plantations increased by about 4.4 m 3 ha" 1 a" 1 from 1900 to 1990 in response to the combination of increased N deposition, [CO2] and temperature (Table 3) . This is an increase of about 0.5 m 3 ha" 1 a" 1 per decade, accounting for up to half of the increase in GYC apparent in site studies (Table 1) .
Associated with this increase in stem volume production, both models predicted substantial increases in NPP between 1900 and 1990 (33 per cent and 24 per cent Table 1 ). Furthermore, both models predicted that the current rate of increase in productivity will continue until at least the latter part of the twenty-first century (Figures 6 and 7) with an increase in GYC of about 5 m 3 ha" 1 a" 1 and NPP of 24-34 per cent between 1990 and 2050 (Table 3) .
These large increases in productivity occurred because of the combined promotive effect of all three factors.
• Increased N deposition, on its own, was predicted to increase NPP by 9-14 per cent by 1990 (Table 3 ). The Edinburgh Forest Model was less responsive than Hybrid, because of the difference in response of canopy photosynthesis to foliage %N (Figure 1 ). Both models showed that N deposition in 1940-70 promoted productivity mainly during the period 1950-2000 (in response to increased foliage %N) with only a slow increase thereafter (in response to increased soil N and annual mineralization).
• Increased [CO2], on its own, was also predicted to increase NPP by a modest 7-14 per cent by 1990 ( and less in 1990-2050 (Table 3 ). The GYC was increased more by warming than might be expected from the modest increase in NPP. 
Changes in forest ecosystem properties
The increases in NPP and GYC can be explained in terms of underlying ecosystem processes and properties in the models. Only a brief account will be given here. Figures 8 and 9 show four of the important variables, among the 50 or so output from the models, which help to explain some of the growth responses and differences between the models.
Increases in NPP were matched by increases in standing biomass, both for managed stands averaged over a rotation (Figure 8 ) and for unmanaged stands (Figure 9 ). There was also a gradual increase in soil organic C. Consequently, the total pool of C contained in the forests was predicted to have increased as a result of N and CO2 fertilization and increasing temperatures. That is, the forests have, and will, become more effective carbon sinks. Both models predicted leaf area indices (LAI) of 6-7 in the baseline climate, increasing by 15-40 per cent (i.e. up to about 10) by 1990, with further increases next century. The Edinburgh Forest Model predicted larger changes in LAI than Hybrid, including a large increase in LAI with increasing temperature alone (see Thornley and Cannell, 1996) and a decrease in LAI in response to increasing [CO2] alone (Figure 8 ). The main reason was that growth allocation between foliage and fine roots was more sensitively determined by changes in tree C and N status in the Edinburgh Forest Model than in Hybrid-so that increases in C supply preferentially enhanced root growth and increases in N supply as a result of N deposition or soil warming enhanced foliage growth (Thornley and Cannell, 1996) . However, increases in LAI above 6-7 did not greatly increase the amount of solar radiation intercepted, so this was not the main reason for the increases in NPP and GYC.
The increases in NPP resulted mainly from increases in leaf and canopy photosynthesis driven by elevated CO2 and/or increased foliage %N. As expected, increasing [CO2] alone (and also with the other treatments in Hybrid) led to a decrease in foliage %N (Figures 8 and 9 ) and so to some down regulation of photosynthesis. But even so, total canopy photosynthesis and NPP were increased as found in most elevated [CO2] experiments on young trees (Wullschleger et al., 1995) . The effect of a change in foliage %N (decreased by [CO2] , increased by N depo- sition) on canopy photosynthesis was greatest in Hybrid, which was assumed to have the low baseline foliage %N (0.6 per cent) 3 found in Ndeficient natural stands, and to vary on the steep part of the curve in Figure 1 . By contrast, the Edinburgh Forest Model was assumed to have high foliage %N values, at the upper end of those found in conifers in Britain (e.g. Innes, 1995) , varying over a range that had little effect on canopy photosynthesis (Figure 1 ). This difference between the models largely explained why Hybrid responded (in terms of NPP) relatively more to N deposition than [CO2], whereas the Edinburgh Forest Model responded more to [CO2] than N. However, when N deposition and [CO2] were increased together, as has occurred in nature, both models predicted little change in foliage %N (Figures 8 and 9) .
Increasing temperatures accelerated almost all plant and soil processes in both models, with complex consequent effects on C, N and water dynamics. The impact on NPP depended on the balance of growth promoting responses (such as increased soil N mineralization rate, photosynthesis and meristem growth rates) and growth limiting responses (such as increased maintenance respiration and processes leading to increased water stress). During this century, the growth promoting responses predominated (e.g. increased soil N mineralization, Figures 8 and 9 ) but during the next century warming caused increased water stress in the model, for reasons explained by Thornley and Cannell (1996) . However, when [CO2] was raised as well, reduced stomatal conductance alleviated water stress and gave rise to the synergistic effect (on NPP) of combining increased [CO2] with increased temperature.
Discussion
As mentioned in the Introduction, the fact that two very different forest models produced quantitatively similar responses to increases in N deposition, [CO2] and temperature, gave some confidence in the predictions. But, more generally, confidence can be evaluated by examining field or experimental observations which support or challenge (1) the ways in which processes are represented within the models, and (2) the magnitude and trends in the output predictions. Full descriptions of the model processes and the observations and assumptions on which they are based will be found in the source references given in Table 1 . Here, we examine the evidence which corroborates four basic predictions from this study, namely that:
• rising [CO2] has had, and is having, a positive effect on forest growth; • increased N deposition has amplified the CO2 response; • increased N deposition alone may have only modestly increased forest growth; and • warming increases GYC when [CO2] is increased as well.
Rising [CO2] has had, and is having, a positive effect on forest growth
The models predict substantial increases in GYC and NPP in response to increasing [CO2] because they simulate well-established responses of photosynthesis and stomatal conductance to elevated [CO2] at the leaf level, giving the canopy photosynthesis responses shown in Figure 1 . Downward adjustment of lightsaturated photosynthetic rates occurs as a result of a decrease in foliage %N, but it could be argued that photosynthetic downregulation is underestimated. Against that, is the experimental observation that even downregulated photosynthetic rates are usually higher in plants raised and measured in elevated [CO2] than in plants raised and measured in ambient [CO2] (McGuire et al., 1995; Jarvis and Sangier, 1998) . Also, at temperate latitudes and with LAIs exceeding 6, most foliage in conifer forest canopies is not light saturated for much of the time, so the rate of canopy photosynthesis is determined mainly by the quantum yield of photosynthesis (i.e. the initial slope of the response of photosynthesis to light) and it is highly improbable that the quantum yield downregulates (Long and Hutchin, 1991) . The models do not represent nutrients other than N and it could be that, in the real world, responses to elevated [CO2] are prevented by the availability of nutrients such as P. Set against this contention is the evidence that plants respond to becoming relatively C-rich and nutrient-poor in elevated [CO2] by (1) using the limiting nutrients more efficiently-such as increasing the C : nutrient ratios of tissues and withdrawing more nutrients for senescing leaves (Lloyd and Farquhar, 1996; Thornley and Cannell, 1996) , and (2) producing more fine roots, mycorrhizas and root exudates and so increase their ability to take up nutrients and lessen leaching losses (see Gifford etal., 1996; Cannell and Thornley, 1998) . Some of these responses were represented in the models with respect to N; they may also apply to varying degrees to other nutrients. The experimental evidence is that nutrient-limited plants generally grow faster (in dry mass) in elevated [CO2] and that the response is proportionately similar to plants given adequate nutrients. Several workers have examined the literature: Wullschleger et al. (1995) concluded that the difference in CO2-response of nutrient-poor and nutrient-rich plants was slight, Idso and Idso (1994) that nutrient-limited plants responded proportionately more, Ceulemans and Mousseau (1994) that they responded proportionately less (see also McGuire et al., 1995) , and Lloyd and Farquhar (1996) that the response is usually similar but varies depending on relationships between nutrient uptake, photosynthesis and growth.
The evidence that rising [CO2] levels are currently increasing forest growth in the field is necessarily more indirect and, it has to be said, inconclusive. There is some evidence for increasing forest growth in areas of the world where there is little N deposition and where increasing [CO2] seems a credible explanation. Increasing ring widths in recent decades in subalpine pines in New Mexico, Colorado and California (LaMarche et al., 1984) in Pinus uncinata Mill. ex Mirb. at the tree line in the Pyrenees (Badeau etal., 1996) and in subalpine Pinus cembra L. in the central Alps (Nicolussi et al., 1995) have been cited as evidence of possible CO2 enhanced growth. Forests in remote areas of Quebec, where there is little N deposition, are growing faster in height than previously (J-L. Dupouey, personal communication). Another intriguing observation is that the NPP (as measured by rates of tree mortality and recruitment-the turnover rates) of humid tropical forests throughout the world seem to have increased in recent decades (Phillips and Gentry, 1994) . Rasing [CO2] is a possible cause, although N deposition resulting from local biomass burning may also be a factor. Stronger evidence for CO2-growth enhancement comes from tree ring analyses of Quercus ilex L. continuously exposed to about 650 p.p.m.
[CO2] near natural CO2 vents in Italy. These trees have grown about 12 per cent faster than those growing in ambient [CO2] nearby, especially when the trees were young and during dry seasons (Hattenschwiler etal., 1997) .
It should also be noted that all other processbased forest models of which the authors are aware predict a substantial growth response to elevated [CO2] . For instance, Kellomaki et al. (1997) predicted that timber production in Pinus sylvestri L. forests in southern Finland would increase by 20 per cent within a rotation in which [CO2] was increasing by 3.3 p.p.m. a" 1 . Also, the consensus of the Intergovernmental Panel on Climate Change that there is a substantial global CO2-fertilization sink on land, rests partly on the output of ecosystem models which predict increases in NPP with increasing [CO2]-if they are all wrong, then there is a serious problem in balancing the global C budget (see Melillo et al., 1996; McGuire et al., 1997) .
Increased N deposition has amplified the [CO2] response
At the leaf level, there is abundant evidence that N enrichment amplifies the CO2 response of photosynthesis. A strong positive relationship exists in both herbaceous and tree species between leaf %N and light-saturated photosynethesis (Field and Mooney, 1986) . McGuire et al. (1995) , reviewing the literature, found a close linear relationship between the extent to which lightsaturated photosynthesis was enhanced and increases in both [CO2] and leaf %N concentration. Downregulation of photosynthesis is much less pronounced, or non-existent, when plants are supplied with N (e.g. Gunderson and WullschJeger, 1994; Jarvis and Saugier, 1998) . Consequently, the absolute growth response to elevated [CO2] is invariably greater in nutrient rich conditions (see Eamus and Jarvis, 1989; Ceulemans and Mousseau, 1994; Idso and Idso, 1994; Lloyd and Farquhar, 1996) .
At the forest ecosystem level, there are many modelling studies which show how growth responses to elevated [CO2] are amplified by N supply (e.g. Rastetter and Shaver, 1992; McGuire et al., 1995; McMurtrie and Comins, 1996; Medlyn and Dewar, 1996; Thornley and Cannell, 1996) . N-limitcd systems tend to respond to elevated [CO2] by allocating more carbon below ground, producing thicker leaves and litter with a high C : N ratio and hence potentially slower rates of decomposition and mineral cycling. The net result can be a decrease in leaf area, possibly greater immobilization of N in the soil and a long-term constraint on NPP. Nitrogen addition, either from the atmosphere or by increased ^-fixation and reduced leaching and gaseous losses of N over a long time (see Cannell and Thornley, 1998) lessens all these constraints.
Increased N deposition alone may have only modestly increased forest growth
The models suggest that atmospheric N deposition rising from 5 to about 20 kgN ha" 1 a" 1 from 1940 to 1970 may have increased forest NPP by a modest 9-14 per cent. Is this more or less than expected?
The following observations argue for a small response. First, there has been no consistent or predictable response of Picea sitchensis (Bong.) Carr. plantations in Britain to N fertilization during the pole stage-after canopy closure, before full maturity (Mclntosh, 1984) . During that stage, most of the N requirements for growth seem to be met by recycling internally and through the litter (Miller, 1981 (Miller, , 1986 ). This thesis is supported by experimental observations (Miller et al., 1992) and is built into the models (see Thornley and Cannell, 1992) . Emmett and Reynolds (1996) estimated that 45 per cent of the plantation forests in Wales receive 10-25 kgN ha" 1 a" 1 and that nitrate leaching from mature forests (with least demand on soil N) may already be depleting soil base cations. Second, only a fraction of the extra 15 kgN ha" 1 a"
1 received by forests can be taken up, because much is deposited in winter and is lost by leaching, immobilization and as gases. Even when N fertilizers are applied annually to N-responsive forests, only 5-15 per cent may be taken up (e.g. Magill et al., 1997) . In Sweden, a fairly constant 20 per cent of N inputs are leached from catchments over the N deposition range of 2-15 kgN ha" 1 a" 1 (Binkley and Hogberg, 1997) . Third, Reich et al. (1997) recently reported linear relationships between forest above ground NPP and annual N mineralization, based on 16 conifer and 34 broadleaved stands in Wisconsin and Minnesota. These relationships suggest that an increase in N input of 15 kgN ha" 1 a" 1 would increase above ground NPP by 5-15 per cent, in good agreement with this study.
Expectations of large responses to increased N deposition arise from the extraordinary growth responses obtained in 'optimum nutrition experiments' conducted in Sweden on Pinus sylvestris (the SWECON project, Linder, 1987) and Picea abies (L.) Karst. (Linder, 1995 ; the Skogaby experiment, Nilsson and Wiklund, 1992; Nilsson, 1997) , Australia on Pinus radiata D. Don and Portugal on Eucalyptus globulus Labill. (Pereira et al, 1989) in which N or all nutrients have been supplied according to demand (determined by foliar nutrient concentrations and leaching losses) usually with and without irrigation. In many of these experiments, growth rates have been doubled, but only with irrigation and an optimum supply of all nutrients, including at least 100 kgN ha" 1 a" 1 for several years. At Skogaby, an increase in above ground productivity of 31 per cent was obtained without irrigation, but required 300 kgN ha" 1 in six small applications over 3 years (Nilsson and Wiklund, 1992) . In the Australian, Portuguese and Skogaby experiments, irrigation enhanced growth more than increased nutrition. Thus, on closer inspection, these experiments may not be in conflict with the model predictions.
Warming increases GYC when [CO?] is increased as well
In previous discussions on the likely effects of climate change on the growth of UK forests, emphasis was placed on temperature, rather than [CO2] and N deposition (e.g. Cannell et al., 1989; Climate Change Impacts Review Group, 1996) . In the absence of other evidence, it was assumed that positive relationships found between temperature and GYC of conifer plantations across northern Britain (Worrell, 1987; Worrell and Malcolm, 1990; Allison et al., 1994; Proe et al., 1996) might apply to forests experiencing warming over time. This assumption implied an increase of in GYC of 2-4 m 3 ha" 1 a" 1 per 1°C warming. This study, and previous work by Thornley and Cannell (1996) , suggest that these estimates were unrealistically high when temperatures are increased without increasing [CO2] as well. Thus, in the Edinburgh Forest Model, the 1.3°C increase in temperature from 1990 to 2050 was predicted to increase GYC by a mere 0.5 m 3 ha" 1 a" 1 , owing to increased water stress and greater maintenance respiration, and Hybrid predicted no increase in NPP for the same reasons (Table 3) . In both models, it could be argued that water stress developed too readily, partly because the water vapour pressure of the atmosphere was kept constant, so that rising temperatures increased vapour pressure deficits more than would occur in nature. However, as mentioned, water stress was alleviated by simultaneously increasing temperature and [CO2], because of the well-known effect of [CO2] on reducing stomatal conductance in most species (Beerling et al., 1996 ; see references in Thornley and Cannell, 1996 
Practical implications
In practical terms, the salient result of this study is that increases in N deposition, [CO2] and temperature during this century may have increased the GYC of conifer plantations in northern Britain by about 0.5 m 3 ha" 1 a" 1 per decade. This may account for some part (but less than half) 4 of the 1 m 3 ha" 1 a" 1 per decade increase in GYC deduced from the 'age effect' in site studies (see Table 1 ). That is, not all of the observed increase in forest growth this century is due to improvements in silvicultural practices and the use of improved genetic material. The fact that increasing [CO2] and N deposition may have promoted growth, as well as temperature, has some profound consequences.
Most importantly, we might expect further substantial increases in GYC during the next century, because [CO2] levels will almost certainly continue to increase and N deposition rates are projected to decrease only slowly (Barrett and Berge, 1996) . The increases in temperature which could occur next century will also increase yields (when combined with increasing [CO2]) but, unlike previous studies, the present forecast of increasing GYC does not depend on global warming.
The models suggest that increasing [CO2] and N deposition alone could increase GYCs by over 0.5 m 3 ha" 1 a" 1 per decade up to 2050, which, when combined with genetic and silvicultural improvements, plus any increase in temperature, may mean substantial acceleration in growth rates requiring continued revision of yield forecasts and harvesting schedules. Material from seed orchards progeny-tested several decades previously will not necessarily be the bestadapted.
Furthermore, it can be expected that increasing [CO2] and/or N deposition will increase forest growth rates across Europe and elsewhere in the world (not just in the UK) increasing timber supplies and affecting market prices. Also, the predicted increases in the average standing biomass and LAI of forests may affect many aspects of forest ecology (e.g. the survival of shadeintolerant plants), their vulnerability to windthrow and pest attack, and their functions as habitats and places of recreation.
